Infection with avian influenza A H5N1 virus results in acute lung injury (ALI) and has a high mortality rate (52.79%) because there are limited therapies available for treatment. Drug repositioning is an economical approach to drug discovery. We developed a method for drug repositioning based on high-throughput RNA sequencing and identified several drugs as potential treatments for avian influenza A H5N1 virus. Using high-throughput RNA sequencing, we identified a total of 1,233 genes differentially expressed in A549 cells upon H5N1 virus infection. Among these candidate genes, 79 drug targets (corresponding to 59 approved drugs) overlapped with the DrugBank target database. Twenty-two of the 41 commercially available small-molecule drugs reduced H5N1-mediated cell death in cultured A549 cells, and fifteen drugs that protected A549 cells when administered both pre-and post-infection were tested in an H5N1-infection mouse model. The results showed significant alleviation of acute lung injury by amitriptyline HCl (an antidepressant drug), flavin adenine dinucleotide (FAD; an ophthalmic agent for vitamin B2 deficiency), azacitidine (an antineoplastic drug) and calcitriol (an active form of vitamin D). All four agents significantly reduced the infiltrating cell count and decreased the lung injury score in H5N1 virus-infected mice based on lung histopathology, significantly improved mouse lung edema by reducing the wet-to-dry weight ratio of lung tissue and significantly improved the survival of H5N1 virus-infected mice. This study not only identifies novel potential therapies for influenza H5N1 virus-induced lung injury but also provides a highly effective and economical screening method for repurposing drugs that may be generalizable for the prevention and therapy of other diseases.
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Introduction
Drug discovery obeys Eroom's law: innovation slows as cost increases. Since 2000, the cost of developing a new drug has exceeded 1 billion USD, and this number continues to rise [1] . Drug repositioning, which identifies new indications for existing drugs, is an alternative approach that is both more efficient and economical because the safety profiles of the drug candidates are known. A well-known example is aspirin: it was originally marketed for its analgesic, antipyretic and anti-inflammatory effects but later was widely used to treat stroke and myocardial infarction (MI) based on its inhibition of platelet aggregation. According to Bernard Munos, a member of the National Center for Advancing Translational Sciences (NCATS) at the NIH, up to 75% of known drugs may be suitable for drug reposition [2] .
H5N1 is a highly pathogenic avian influenza A virus known to cause acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), with estimated mortality as high as 52.79% [3, 4] . Because current treatments for influenza virus infection and ARDS still present limitations, drug repurposing may be an effective method to identify novel therapeutic strategies to treat H5N1 virus-induced respiratory injury.
Previous studies from our laboratory have shown that H5N1-induced ALI in a mouse model can be alleviated by each of the traditional cardiovascular medicines losartan (an angiotensin II receptor blocker) and recombinant human angiotensin-converting enzyme 2 (hACE2) and the antimalaria drug chloroquine (an autophagy inhibitor) [5] [6] [7] . It was further shown that monoclonal antibodies against C-X-C motif chemokine 10 (CXCL-10 or IP-10) or interleukin 17A (IL-17A), used to treat immune system diseases, were able to ameliorate ALI induced by swine-origin influenza A H1N1 in mice [8, 9] . All of these drugs were identified based on an understanding of the molecular mechanism of ALI. Although a few studies have been performed based on a group of genes, their results were not confirmed by well-designed experiments [10] [11] [12] . Thus, a genomic approach to identify drugs for potential repurposing is worth exploring, and in this work, we propose a highly efficient, genome-wide method to identify drugs to be repurposed for the treatment of ALI induced by H5N1 influenza virus infection.
Results

Screening of repurposing drugs against H5N1 infection in A549 cell lines by RNA sequencing
We infected A549 human lung carcinoma cells with lethal avian influenza A H5N1 virus or low-virulence seasonal influenza A H1N1 virus. Cells exposed to allantoic fluid (AF) were included as an additional control. Samples were collected at a series of time points for strandspecific total RNA-seq ( Fig 1A) . We identified differentially expressed genes (DEGs) between uninfected and infected cells (greater than 2-fold change) and calculated the linear correlation between the number of DEGs and cell viability and the level of virus replication. The number of DEGs altered by H5N1 infection, but not H1N1 infection, correlated significantly with cell viability (Fig 1B and 1C) . The numbers of DEGs also correlated linearly with virus replication for both H5N1 and H1N1 ( Fig 1D and 1E) .
Pathway enrichment analysis using the Metacore database [13] indicated that most pathways in H5N1/H1N1-infected A549 cells are related to immune response, with neurophysiological and apoptotic processes being the second and third largest groups among the clustered pathways (Figs 1A and S1 and S1 Table) . We filtered 1,233 unique DEGs included in all functional enrichment pathways that were altered by H5N1 infection (Figs 1A and S1). Using the DrugBank database [14] (with a total of 1645 drug target genes) to discover potential drug targets among the DEGs, we identified 79 drug target genes and 59 approved drugs that might be effective against H5N1 infection (Figs 1A and S1 and S2 Table) . We obtained 41 commercially available drugs for biological confirmation.
Measuring the efficacy of repurposing drugs in A549 cells (in vitro) and in mice (in vivo)
We screened 41 drug candidates identified by high-throughput screening for potential prophylactic and therapeutic efficacy in H5N1-infected A549 cells (Fig 2A and S2 Table) . The results confirmed that 22 drugs increased cell viability prophylactically or therapeutically, 15 of which were most effective both prophylactically and therapeutically (Figs 2B and S2).
We then examined the efficacy of the 15 drugs in H5N1-infected mice (S3A Fig and S2  Table) . The results showed that amitriptyline HCl, flavin adenine dinucleotide (FAD), azacitidine and calcitriol significantly decreased inflammatory cell infiltration, reduced lung injury scores, and ameliorated lung edema, as based on decreasing the wet-to-dry weight ratio of the lung tissue (Figs 3A-3G and S3B). We measured the viral load in mouse lung tissues and found that both azacitidine and calcitriol significantly inhibited H5N1 virus replication ( Fig  3H) . In addition, we evaluated the impact of the four candidate drugs on mouse survival after H5N1 virus infection. Notably, amitriptyline HCl, FAD and calcitriol significantly increased the survival rates of H5N1-infected mice, and azacitidine significantly prolonged survival time ( Fig 3I) . In the amitriptyline HCl, FAD and calcitriol administration groups, the body weight of H5N1-infected mice was recovered at the second week post infection (S3C Fig) .
Elucidating the molecular mechanisms of identified drugs
To further confirm the efficacy of amitriptyline HCl, FAD, azacitidine and calcitriol, we obtained RNA-seq data from H5N1-infected mouse lung tissue samples treated with drug vs. vehicle, identified DEGs and used the Metacore database to perform process and pathway enrichment for functional analysis (S4 Fig) .
Amitriptyline HCl is an antagonist of the alpha-2A adrenergic receptor (ADRA2A), which belongs to the G protein-coupled receptor family, and is used clinically as a neural system drug to treat depression. A previous study has reported that ADRA2A blockade attenuates lung injury in rats [15] , and our RNA-seq data showed significantly increased ADRA2A levels in H5N1-infected A549 cells. Analysis of the RNA-seq data from H5N1-infected mouse lung tissues indicated that genes significantly influenced by amitriptyline HCl treatment mainly clustered into immune responses, neurophysiological processes and apoptosis-related processes ( Fig 4A) . An investigation of the functions of these genes showed dozens in the top five
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Identification of 4 drugs as repurposing drugs for influenza A H5N1 virus-induced lung injury pathways to be linked to both lung disease and to the traditional neural system indications of amitriptyline HCl (Fig 4E and S3 Table) , suggesting that amitriptyline HCl ameliorates H5N1-induced ALI in mice.
FAD is an ophthalmic agent approved for the treatment of vitamin B2 deficiency. Previous studies have reported that riboflavin (vitamin B2) attenuates lipopolysaccharide (LPS)-induced lung injury in rats; inhibition of thioredoxin reductase 1 (TXNRD1), a target of FAD, attenuates lung injury and improves survival in murine models through the Nrf2 pathway [16] [17] [18] . In our experiment, H5N1 virus infection elevated the level of TXNRD1 in A549 cells, and FAD altered levels of immune response-related genes in the lungs of H5N1-infected mice ( Fig 4B) . Dozens of genes in the top five pathways are reported to be associated with lung disease as well as the traditional indication related to vitamin B deficiency therapy ( Fig 4E and S4 Table) . We determined that FAD is effective against avian influenza A H5N1 virus infection and ameliorates lung injury.
Azacitidine is an inhibitor of DNA (cytosine-5)-methyltransferase 1 (DNMT1) used to treat malignant tumors. In A549 cells, DNMT1 expression was significantly elevated by H5N1 virus infection. Previous studies showed that DNMT1 inhibition activates the Stat3 pathway and reduces LPS-induced ALI in mice [19, 20] . Calcitriol is an active form of vitamin D3 used to treat vitamin D deficiency. Activation of vitamin D receptor (VDR) signaling has been shown to attenuate LPS-induced ALI in mice [21] . By analyzing clusters of DEG functions in H5N1-infected mouse lung tissue, we found that azacitidine influenced the immune response as well as cancer mechanisms, including cell cycle and cell differentiation; calcitriol also influenced the immune response ( Fig 4C and 4D ). Dozens of genes among the top five pathways with changes in response to azacitidine or calcitriol are reported to be linked to lung disease in addition to their traditional indication: an anti-neoplastic indication for azacytidine and vitamin D deficiency-related osteoporosis for calcitriol ( Fig 4E and S5 and S6 Tables). Previous studies reported that azacitidine and calcitriol alleviate LPS-induced ALI in mice [20, 22] , and the results from the current study extend such findings to H5N1-induced ALI in mice.
We also analyzed pathway enrichment of the DEGs altered by the other seven drugs that decreased inflammatory cell infiltration in the lungs of H5N1-infected mice (Figs 3B-3F and S4B). In addition to their association with traditional disease indications, dozens of genes in the top five most significant pathways of each drug group are highly related to lung disease, including lung neoplasm, interstitial lung disease, obstructive lung disease or pulmonary fibrosis (S4B Fig and S7 -S13 Tables).
Taken together, the results of the current study suggest that the neural system drug amitriptyline HCl, ophthalmic drug FAD, anti-neoplastic drug azacitidine and vitamin D deficiency treatment drug calcitriol may be novel treatments for severe avian influenza virus-induced lung injury. Azacitidine and calcitriol were previously reported to attenuate LPS-induced ALI in mice; these results indicate amitriptyline HCl and FAD as novel potential therapies to ameliorate lung injury.
Discussion
In this study, we identified drugs effective for the treatment of lung injury caused by avian influenza infection using a transcriptomic-based high-throughput repurposing drug screen. We not only found four drugs effective in vivo that were able to counteract avian influenza H5N1 virus-induced lung injury but also identified seven drugs able to decrease inflammatory cell infiltration in the mouse lung following H5N1 infection and increase the viability of H5N1-infected cells both prophylactically and therapeutically ( Figs 2B and 3 
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Identification of 4 drugs as repurposing drugs for influenza A H5N1 virus-induced lung injury suggest that lung injury can potentially be treated with four anti-cancer agents (bosutinib, cladribine, ruxolitinib, vorinostat), one immunoregulatory agent (dimethyl fumarate; DMF), one cardiovascular medicine (digoxin) or one antimalarial medicine (pyrimethamine).
The MAPK signaling pathway is involved in both the inflammatory response and lung injury [23, 24] . The expression level of mitogen-activated protein kinase kinase kinase 2 (MAP2K2), the target of bosutinib, a drug approved for the treatment of chronic myelogenous leukemia (CML), was significantly altered in cultured cells infected with H5N1 in the current study. Alleviation of lung injury by bosutinib might involve the MAPK signaling pathway via MAP2K2 inhibition. The Jak/Stat signaling pathway is an important pathway related to lung injury [25, 26] , and in this study, we found Jak1/2 to be among DEGs in A549 cells infected with H5N1. We therefore speculate that the mechanism by which ruxolitinib, an inhibitor of Jak1/2 approved for myclofibrosis treatment, ameliorates H5N1-induced lung injury occurs via the Jak/Stat signaling pathway. A previous study showed that histone deacetylase (HDAC) inhibitors attenuate ALI in mice [27] , and HDAC2/6 has been implicated in the therapeutic effects of vorinostat for the treatment of cutaneous T cell lymphoma (CTCL) [28] . Our results show that HDAC2/6 is among the functional DEGs in H5N1-infected A549 cells, supporting a possible role for vorinostat in reversal of H5N1-induced ALI.
Kelch-like ECH-associated protein 1 (KEAP1) has been implicated in LPS-induced ALI via regulation of the Nrf2/Keap1 pathway [29] . Our data revealed KEAP1, the molecular target of DMF, a drug approved for multiple sclerosis and psoriasis, as a functional DEG in H5N1-infected A549 cells. These results suggest a possible role for the Nrf2/Keap1 pathway in the observed action of DMF against H5N1-induced ALI. Digoxin is a cardiovascular medicine that increases the free calcium concentration by inhibiting the sodium/potassium-transporter ATPase subunit alpha-1 (ATP1A1) [30] . ATP1A1 has been associated with lung injury in mice [31] , and its expression was significantly changed in cultured cells infected with H5N1 in this study. Our results indicate that H5N1-induced ALI in mice might be reduced by the ATP1A1 inhibitor digoxin. ALI in H5N1-infected mice was also attenuated by cladribine, a drug used to treat lymphoproliferative disorders, and the antimalarial agent pyrimethamine [32, 33] . The exact mechanisms of these actions need to be further studied.
In this study, we examined only 41 commercially available drugs from a total of 59 approved drugs identified when we overlapped the results from our high-throughput RNA sequencing of H5N1-infected A549 cells with the DrugBank database. The remaining 18 drugs need to be further studied, as do drug candidates currently under development in clinical trials.
In summary, we developed a highly effective, economic and safe method for drug repositioning and identified novel potential therapeutics for influenza virus A H5N1 infection. This approach may be generalized to discover candidates for drug repurposing to prevent and treat other diseases.
Materials and methods
Ethics statement
The animal experiments in this work were approved by the Ethics Committee of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (ACUC-A02-2015-003). All experimental protocols followed the Chinese National Guidelines. Viabilities of A549 cells based on the MTS assay at 48 h after H5N1 virus infection. Cells were treated with drug or vehicle (control) either at 1 h before infection or at 3 h after infection. Data are presented as the mean ± SEM. All experiments were repeated at least twice. � P<0.05, �� P<0.01, ��� P<0.001 (two-tailed multiple comparison t-test with Holm-Sidak method, n = 3 biological replicates). Detailed information about in vitro drug treatment is shown in S2 Table. https://doi.org/10.1371/journal.ppat.1008341.g002 
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Viruses, cell culture and drugs
We performed in vitro and in vivo experiments using live influenza viruses A/Jilin/9/2004 (H5N1) and A/New Caledonia/20/1999 (H1N1) in biosafety level 3 facilities at the Institute of Military Veterinary Medicine, Academy of Military Sciences (Changchun, China). A549 human lung adenocarcinoma epithelial cells (American Type Culture Collection, Rockville, MD, USA) were cultured in Ham's F12 nutrient medium; Madin-Darby canine kidney (MDCK) cells were cultured in DMEM (HyClone, Logan, UT, USA). Streptomycin and penicillin (100 U ml −1 ) and fetal bovine serum (10%, Gibco, Grand Island, NY, USA) were added into culture medium. Test drugs were purchased from Selleck, Sigma-Aldrich or Med Chem Express. In some experiments with H5N1-infected A549 cells, the cells were exposed to drug candidates at 1 h before infection (to assess prophylactic efficacy) or at 3 h after infection (to assess therapeutic efficacy); cell viability was measured by the MTS assay at 48 h after infection.
Cell viability assays
Quantitative real-time PCR
Total RNA was isolated using TRIzol Reagent (Invitrogen, CA, USA). Complementary DNA (cDNA) was synthesized from 1.5 μg of total RNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time PCR was performed using a Light-Cycler 480 PCR System and the corresponding SYBR Green I Master kit (Roche, Basel, Switzerland). Influenza A virus matrix 2 (M2) gene expression levels were normalized against GAPDH (glyceraldehyde 3-phosphate dehydrogenase) in A549 cells and to β-actin in mouse lung tissue samples. The following primers were used: M2 forward, 5 0 -ATTGTGGATTCTT GATCGTC-3 0 ; M2 reverse, 5 0 TGACAAAATGACCATCGTC-3 0 ; human GAPDH forward, 5 0 -CGGAGTAACGGATTTGGTC-3 0 ; human GAPDH reverse, 5 0 -TGGGTGGAATCATATTG GAACAT-3 0 ; mice β-actin forward, 5 0 -CTCTCCCTCACGCCATCC-3 0 ; mice β-actin reverse, 5 0 -CGCACGATTTCCCTCTCAG-3 0 ).
Animal experiments
Six-week-old wild-type C57BL/6 mice (Vital River, Beijing, China) were intratracheally instilled with live H5N1 virus (10 6 TCID 50 ) and given drugs or vehicle (control) 3 and 24 h before infection and at 24 h after infection. Detailed information about the drug dosage and product information is shown in S2 Table. Mice were sacrificed three days after infection. The lungs were removed from the thoracic cavity, collected in glass containers with approximately (E) Images of lung pathology in mice following drug treatment by gavage. Magnification, 200×. For each treatment, 100 fields were analyzed (n = 4-6 mice per group). (F) Infiltrating cell numbers and (G) lung injury scores per microscopic field (mean ± SEM) are shown in the bar graphs. (H) Viral titers of mouse lungs (mean ± SEM) are expressed as TCID 50 per milliliter (n = 4-5 mice per group). All experiments were performed at least twice. � P<0.05, �� P<0.01, ��� P<0.001 (two-tailed one-way ANOVA). (I) Kaplan-Meier survival curves of H5N1-infected C57BL/6 mice treated with FAD (n = 10), amitriptyline HCl (n = 10), azacitidine (n = 6), and calcitriol (n = 10) or vehicle (n = 10) by intraperitoneal injection. �� P<0.01, ��� P<0.001 (log-rank test).
https://doi.org/10.1371/journal.ppat.1008341.g003
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Identification of 4 drugs as repurposing drugs for influenza A H5N1 virus-induced lung injury 50 mL of fixative, and treated with standard processes described previously [7] . Pathology images after hematoxylin and eosin staining were examined by three independent pathologists. For each mouse, 100 microscopic fields were analyzed to calculate lung injury scores and infiltrating cell numbers [34] . Pulmonary edema was assessed using the wet to dry weight ratio.
Viral titration
Five C57BL/6 mice per group were administered drugs or vehicle at 3 and 24 h before and at 24 h and 48 h after infection (10 6 TCID 50 H5N1 virus). Detailed information about the drug dosage and product information is shown in S2 Table. Mouse lung tissues were collected and homogenized in PBS at 3 days after infection. MDCK cells were inoculated with 10-fold dilutions of homogenates in a 96-well plate, and infected cells were maintained in culture for 72 hours. The Reed-Muench method was used to calculate virus titers.
Mice survival and loss of body weight
C57BL/6 mice (n = 6-10 per group) were infected with 10 6 TCID 50 H5N1 virus and intraperitoneally injected with vehicle, FAD (100 mg/kg), amitriptyline HCl (45 mg/kg), azacitidine (10 mg/kg) or calcitriol (0.1 mg/kg) four times: at 24 and 3 h before and at 24 and 48 h after infection. The rates of survival and loss of body weight were daily recorded until 15 days after infection.
RNA-seq
Total RNA from human A549 cells and lung tissues of H5N1-infected mice exposed to drugs or control was isolated using TRIzol Reagent (Invitrogen, USA). A549 cell line samples were collected at 15 min, 30 min, 1 h, 2 h, 3 h, 6 h, 9 h, 12 h, 18 h, 24 h, 36 h, and 48 h after infection with H1N1 or H5N1. Lung tissues were collected at 2 d after H5N1 instillation. High-throughput, strand-specific RNA-seq (paired-end, 100 bp, 10 GB for each sample) was performed using the Illumina HiSeq2500 platform (Berry Genomics, Beijing).
RNA-seq data analysis
Strand-specific paired-end RNA-seq was performed. FastQC (version 0.11.2) was used to control the quality of RNA-seq reads. We used Bowtie2 (version 2.1.0) and Tophat2 (version 2.0.11) to map RNA-seq reads to the human genome (version hg19, http://hgdownload.cse. ucsc.edu/downloads.html) and mouse genome (version mmc10), respectively. Cufflinks (version 2.2.1), Cuffmerge (version 2.2.1), and Cuffdiff (version 2.2.1) software were used to assemble transcription units, calculate gene expression levels (Fragments Per Kilobase of transcript per Million fragments mapped, FPKM value), and identify genes differentially expressed genes between samples. 
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Gene functional enrichment analysis
Metacore (Clarivate Analytics, USA) software was employed to analyze functional pathways and processes for differentially expressed genes. Cytoscape (version 3.6.1) software with the Enrichment Map application (version 3.1.0) was used for process visualization. R software (version 3.5.1, www.r-project.org/) with the package pheatmap (version 1.0.10, cran.r-project. org/web/packages/pheatmap/) was utilized for heatmap production. We considered two-tailed P values < 0.05 and Benjamini-adjusted P values < 0.05 to be statistically significant.
Drug candidate screening
The DrugBank database (version 4.3, www.drugbank.ca/) was used to screen drug candidates by comparing drug target genes and differentially expressed genes (DEGs). Detailed information about the drug manufacturers and product specifications are shown in S2 Table. The flowchart of drug candidate screening was as follows:
1. The "XML" file, which contained the information for all the approved small molecule drugs recorded in the DrugBank database, was downloaded, and target information was extracted using python software (version 2.6.6, https://www.python.org/).
Pathway enrichment analysis of DEGs from the comparison between virus-infected and
uninfected cell models was performed; the detailed process is described in the "Gene functional enrichment analysis" section.
3. DEGs involved in significantly enriched pathways were extracted as functional DEGs, and redundant DEGs were removed to obtain unique functional DEGs.
4.
Overlap between the unique functional DEGs filtered from our RNA-seq data and the drug target genes extracted from the DrugBank database was assessed, whereby drug candidates were considered those with targets that were also unique functional DEGs.
Statistical analysis
A one-sample Kolmogorov-Smirnov test was used to confirm the normal distribution of the samples. We used a multiple comparison test with the Holm-Sidak method or ANOVA tests to compare groups. Pearson linear correlation analysis was applied to analyze the relationship between the number of DEGs and cell viability or viral replication in virus-infected A549 cells. The logrank test was used to analyze the Kaplan-Meier survival curves. R software (version 3.5.1, www.rproject.org/) was used to control the false discovery rate (FDR) for Benjamini & Hochberg multiple testing correction. A two-tailed P value < 0.05 was considered statistically significant.
Supporting information S1 Fig. Flowchart of screening 
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